Abstract -Introduction. Apricots (Prunus armeniaca L.) have an important role in Serbia's fruit production. Average annual production of 25,035 t generates approximately 1,577 t apricot stone (AS) waste and most of it ends up in landfill sites. In order to minimize the environmental impact, an investigation of the possible use of AS was done by developing a biosorbent for wastewater treatment. Materials and methods. AS waste from the fruit processing industry was used to remove Cu(II) ions from water solution by batch adsorption techniques. This solid waste residue was characterized by FTIR, SEM and EDX. The effects of pH, contact time, metal concentration and biosorbent dosage on the process of biosorption were studied. Results and discussion. Obtained FTIR results confirm that the uptake of Cu(II) ions from aqueous solution involves carboxylate moieties from lignin and fatty acids. Also, the presence of seeds in the AS blend significantly increased biosorption performance providing active sites important for the sorption process. The ion exchange mechanism was also confirmed. The best fitting adsorption model is the Langmuir model and the maximum biosorption capacity (q max ) is 4.45 mg L −1 at pH 5.0. Biosorption of the Cu(II) ions follows a pseudo secondorder kinetic model. According to thermodynamic parameters the biosorption process is endothermic and spontaneous. Conclusion. Numerous biosorbents were investigated for biosorption of Cu(II) ions from aqueous solution, but no report on application of untreated AS waste has been found in literature. This preliminary study confirmed that this material can successfully and rapidly remove dissolved copper ions from dilute solutions.
Introduction
The waste generated in fruit processing industries can be in liquid, solid or gas state and its constitution is correlated to the material used in the technological process. Wastewater from these industries are characterized by high biodegradable effluents, large seasonal volumes and variation in effluent volume. Wastewater and solid state waste are prone to putrefaction and cannot be stored for long periods of time. Air pollution comes from the smell from the technological process and solid waste depots. If waste is not treated properly, it has a great potential for pollution.
In order to minimize solid waste it is possible to extract some valuable compounds but often vast quantities of lignocellulose fraction stay unused although it can be used for the production of bioethanol or as cattle feed [1] . Also the lignocellulose material can be used as adsorbent for the removal of pollutants from the wastewater either in its native form [2, 3] , treated form [4] [5] [6] [7] , or for production of active carbon [8, 9] . Although there are several conventional treatments of wastewater, researchers are focused on the development of biotechnological solutions that are environmental friendly [10] . In this framework, utilization of ligno-cellulosic biomass as adsorbent for metal removal from wastewater is recommended since it is abundant and low cost [5, [11] [12] [13] .
In order to eliminate heavy metals from wastewater a wide range of solid waste from fruit processing industry has been examined as cheap and non-pollutant materials which are able to reduce the costs and maximize the efficiency [10] . Wastes such as grape stalk waste [14] , banana and orange peels [15] , apple residues [16] , peach shells [17] , grapefruit peel [18] , pomegranate peel [19] , citrus peels [20] previously were studied for the removal of metal ions.
Apricot (Prunus armeniaca L.) has an important role in Serbia fruit production. Average annual production of 25,035 t generates approximately 1,577 t apricot stone (AS) waste [21] . Apricot stone shells can be used for the production of active carbon [9, [22] [23] [24] while the seeds can be used in the cosmetic and food industry [25] . At present there is no strategic management of this kind of waste in Serbia and most of it is taken to the landfill sites.
This paper deals with investigation of the possible use of solid waste residue (AS) from the juice factory "Vino Župa" Aleksandrovac in Serbia, in order to develop and recover a usable product. According to the data from this factory, 500 to 1,000 t AS waste are generated per month during the summer season.
Materials and methods

Biosorbent preparation
The apricot stone wastes were obtained from Juice Factory "Vino Župa" Aleksandrovac, Serbia. Apricots that are used in the production process belong to a variety locally known as "Novosadska rodna" which has sweet seeds that do not contain amygdalin [26] .
Apricot stones (AS) were air-dried, milled (KHD Humbolt Wedag AG) and < 1 mm fraction was chosen for the biosorption tests. Samples were washed with deionized water to remove impurities, dried at 60
• C and stored in dry plastic containers for further analyses. Certain amounts of AS were separated into: shells (SH) and seeds (SE). In this variety of apricot 20% of the stone mass are made of the seed.
Characterization of biomaterials
In order to determine the complex nature of biosorbent a Fourier Transform Infrared (FTIR) spectroscopy analyses of apricot shells (SH), seeds (SE) and mixture of both (AS) have been included. The characterization was carried out in order to determine chemical functional groups on their surface available for binding Cu(II) ions. Also the FTIR spectrum of waste AS was taken after Cu(II) ion removal (ASCu) to identify functional groups which are involved in biosorption process. The FTIR spectra were taken using Thermo Nicolet 6700 FTIR working in attenuated total reflectance mode (FTIR-ATR), connected with the OMNIC Software (Thermo Nicolet).
Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray analysis (EDX) were used to determine surface morphology of AS before and after the biosorption process. Before analysis all samples were coated with gold. SEM-EDX analysis was performed using a JEOL JSM-6610 LV SEM model.
Nitrogen adsorption-desorption isotherms were determined on a Sorptomatic 1990 Thermo Finnigan automatic system using nitrogen physisorption at −196
• C. Before the measurement the samples were outgassed at 40
• C for 12 h. The specific surface area of the samples was calculated from the nitrogen adsorption-desorption isotherms according to the Brunauer, Emmett and Teller (BET) method [27] .
In order to determine the content of crude cellulose, lignin acid detergent fibres, (ADF) and neutral detergent fibres (NDF) a fibre analyzer (A2000, ANKOM, Macedon, NY, USA) was used. 'Acid detergent fibres' (ADF) refers to the insoluble fibres within a plant cell wall namely cellulose and lignin, whereas, 'neutral detergent fibres' refers to the total plant cell wall material and its value comprised of ADF plus insoluble hemicelluloses [28] . Nitrogen free extracts (NFE) represent soluble carbohydrates such as starch and sugars. Crude fat, dry matter, ash and moisture content were determined gravimetrically after extraction and crude protein were determined volumetrically.
Point of zero charge
The point of zero charge (pH pzc ) was determined using 0. KOH. Experiments were conducted in 100 mL flasks with mixture of 50 mL of the solution at varies initial pH values and 0.1 g biosorbent and then they were shaken for 24 h. After filtration, in each supernatant pH final (pH f ) was measured using pH meter (Sension MM340). The plateau from the curve pH f = f(pH i ), was determined as the value of pH pzc [29] . 
Adsorption equilibrium studies
where C i and C eq (mg L −1 ) are the initial and the equilibrium metal ion concentration, respectively, m (g) is the mass of biosorbent and V (L) is the volume of the solution. The removal efficiency of Cu(II) was calculated using the following equation:
where C i and C eq (mg L −1 ) are the initial and final equilibrium Cu(II) ion concentration, respectively.
Metal desorption study
Testing AS desorption efficiency was carried out with various concentrations of HCl solution (at 0.1, 0.5 and 1 mol L −1 ). The desorption of Cu(II) ions was found to be most effective by using 0.1 mol L −1 HCl solution. Adsorption-desorption experiments were carried out in five cycles using 0.1 mol L −1 HCl and same biosorbent. Biosorption experiments were done at optimum parameters such as: pH = 5.0, biomass concentration of 6 g L −1 , contact time of 120 min and initial Cu(II) ion concentration at 60 mg L −1 . Afterwards the samples were centrifuged and metal content was analysed in supernatant. In desorption experiments metal loaded biomass was treated with 50 mL of 0.1 mol L −1 HCl solution for 120 min. The samples were then centrifuged and supernatants were analysed for metal content. 
Statistical analysis
All data represents the mean of experiments performed in duplicate. Average values ± SD (error bars) are presented in all graphs. The correlation coefficient (R 2 ) values of Langmuir and Freundlich isotherm models and pseudo first and pseudo second order kinetic models were determined using statistical function of Microsoft Origin 7.0.
In kinetic study, both kinetic models were verified using the sum of squared errors (SSE). The SSE value was calculated using
where q exp and q cal are the experimental biosorption capacities (mg g −1 ) at time t and the corresponding values that are gained from kinetic models [30] . SSE values for both kinetic models are summarized in table III.
Results and discussion
Characterization of apricot stone waste
The chemical composition of AS waste clearly indicated (table I) that AS are ligno-cellulosic materials, which mainly contains cellulose, hemicellulose and lignin. Crude protein and fat mainly come from seeds that are rich in fat and crude protein. Sweet apricot seeds contain 53.3% oil (especially unsaturated acids such as oleic and linoleic acid that make up to 93% of total fatty acids), 25.4% protein, 6.5% sugars, 7.5% NDF, 5% ADF and 2.6% ash [26] .
BET surface area of AS waste is 1.3 m 2 g −1 , which is in accordance with previously published data for similar lignocellulosic biomaterials [31] . However, SEM micrographs (figure 1) showed that AS waste is porous material which is easily accessible for penetration of Cu(II) ions solution to the active sites. It is known that the adsorption of any heavy metal with smaller ionic radius is greater than that with a larger ionic radius because it has more accessibility to the surface and pores of the adsorbent than the bigger ones [32] . The ionic radius of the Cu(II) is 0.73 A
• , which is smaller than the radius of some other heavy metals such as Pb(II), Cd(II), Zn(II).
The EDX results of AS waste after biosorption showed the presence of Cu(II) ions providing the evidence for the sorption of copper onto biosorbent. Some ions which are capable of ion-exchange, completely vanished after biosorption of Cu(II) ions onto AS waste ( figure 1) .
In order to present the complex nature of the AS waste, FTIR spectra of both parts (shells and seeds) were investigated. The results revealed significant differences between these samples (figure 2). All samples have similar broadband in the region between 3100 and 3600 cm −1 that corresponds to -OH stretching vibrations. Detected -OH groups probably originate from alcohols, phenols and carboxylic acids [33] . Differences between seeds (SE) and shells (SH) spectra are noticeable.
In SE spectrum a small peak observed at 3,007 cm −1 is assigned to C=C-H stretching vibration peak in fatty acids [34] . Intense peaks at 2,923 cm −1 and 2,853 cm −1 can be attributed to asymmetric and symmetric -CH 2 and -CH 3 stretching, respectively arising from the aliphatic chains of organic acids [35] . This is in accordance with a fact that SE has high content of fatty acids [26] . There are few more distinctive bands at FTIR spectrum of SE: the very sharp peak at 1,744 cm −1 is assigned to -C=O stretching vibration in carbonyl compounds which may be due to high content of polyphenols; the intense band at 1,636 cm −1 is assigned to C-C stretching with aromatic ring due to presence of phenols [36] ; and the peak at 1,456 cm −1 is due to carboxylic C-O band of polyphenols [37] .
In the FTIR spectrum of SH peak at 1,732 cm −1 is assigned to aromatic carbonyl or carboxyl C=O stretching of carboxylic acids or their esters [36] . Furthermore, the peaks appearing at 1,593 cm −1 , 1,505 cm 1 and 1,456 cm −1 are assigned to the C=C stretching in aromatic ring [36, 38, 39] . Absorbance peaks at 1,422 cm −1 and 1,372 cm −1 observed in SH spectrum can be attributed to the C-H asymmetric and symmetric deformations, respectively [40] .
The strong and intense band at 1,030 cm −1 could be assigned to the stretching vibration of C-OH of alcoholic groups and carboxylic acids [36] and confirms the lignin structure of the SH [41] . The peaks at 896 cm −1 and 826 cm −1 can be assigned to C-H n aliphatic or aromatic bonds [35] . The FTIR spectra of AS before and after biosorption of Cu(II) ions were studied, too. The peaks at 1,712 cm −1 and at 1,654 cm −1 from spectrum of untreated AS are disappeared after biosorption. Bands around 1,650 and 1,750 cm −1 are assigned to free and esterified carboxyl groups which indicate that these groups were involved in copper biosorption [36] . The peak at 1,326 cm −1 in AS spectrum before biosorption decreased to 1,323 cm −1 (the bending vibration of OH), indicating that bonds in aromatic rings of lignin contributed to biosorption [42] .
The obtained FTIR results confirmed that the biosorption of Cu(II) ions from aqueous solution involved carboxylate moieties from lignin and fatty acids. This is in accordance with the presence of apricot seeds (20% of the stone mass) in AS blend, which significantly affected adsorption performance (figure 3), providing active sites important for the biosorption process.
Effect of the initial solution pH and pH pzc
Previous studies have shown that the pH of the solution is one of the most significant parameters influencing biosorption of heavy metal ions [17, 43, 44] . It affects both the chemical properties of the solution and the biosorbent surface charge.
The biosorption efficiency increased with increasing pH values ( figure 4) . When pH value of solution was low, the concentration of H + ions was high, resulting in less active sites for Cu(II) removal. This is because of the strong competition between hydrogen and Cu(II) ions for the active sites in the biosorbent [45] . However the increase in solution pH leads to more active sites on the surface of the biosorbent with negative charges which become available for Cu(II) resulting in bigger biosorption efficiency [46] .
The value of sorbent pH pzc gives information about possible attraction and repulsion between sorbent and sorbate ( figure 4) . The solid surface is positively charged when solution pH is lower than pH pzc and could interact with anions, while sorbent surface is negatively charged when solution pHs is higher than pH pzc and could interact with metal cations [36] . Considering the point of zero charge value (= 4.50) and the fact that almost all copper ions are present in the ionic form of Cu(II) at pH < 6.0, all experiments were carried out at pH 5.0.
Knowledge of sorbent pH pzc value indicates that electrostatic force is one of the mechanisms in the biosorption process [47] . However at pH 4.0 (pH < pH pzc ) biosorption yield reached its maximum indicating that electrostatic force mechanism was not the only mechanism that affected the biosorption process.
Effect of biosorbent dosage and initial copper concentration
The effects of biosorbent dosage and initial concentration of Cu(II) ions was investigated by varying the amount and concentration of biosorbent of metal in solution, respectively ( figure 5) . The highest biosorption capacity was achieved with biosorbent dosage of 6 g L −1 . The decrease of biosorption capacity with increasing the biosorbent dosage may be attributed to overlapping or aggregation of biosorption sites [48] . In accordance with expectations biosorption capacity increased by increasing the initial metal concentration from 6 to 140 mg L −1 . The highest biosorption capacity was at the initial concentration of 60 mg L −1 for a biosorbent dosage of 6 g L −1 .
Ion-exchange mechanism
The involvement of ion-exchange mechanism during the biosorption process was studied by following the release of cations (Ca 2+ , Mg 2+ , Na + , K + and H + ) from biosorbent after biosorption of Cu(II) ions from aqueous solution. The release of cations from biosorbent after washing with deionized water was considered as control. The net release of cations has been calculated by subtracting those two amounts of cations. The ratio of copper bound to cation released was calculated as:
where R b/r is the ratio of the adsorbed and released cations from the AS Results presented in table II showed a significant release of cations from AS waste after process of biosorption, which may indicate the displacement of these cations by Cu(II) ions. According to some authors there is a strong interaction between ligno-cellulosic biosorbents and metal bearing solution, confirming the substitution of alkali-earth rather than alkali metals from biosorbent by protons and heavy metal ions [14, 49, 50] .
Indication of ion exchange mechanism is when R b/r (ratio between bonded and realised ions) value is 1. Since the R b/r is close to 1, ion exchange mechanism might be an important mechanism in biosorption of Cu(II) ions by AS waste, which is in correlation with EDX results ( figure 1). were observed in case of changes in pH value. During the process of biosorption the initial value of pH can change, enabling micro-precipitation on the surface of biosorbent [50] . Significant changes in final pH value were not detected after 120 min.
Effect of contact time
All further experiments were performed in the time period of 120 min to ensure the biosorption equilibrium.
Sorption isotherms
The adsorption isotherm illustrates the relationship among the quantity of adsorbate uptaken by the biosorbent and the adsorbate concentration remaining in solution [51] . In order to analyze the experimental data obtained for the biosorption of Cu(II) ions, two models were considered: Langmuir and Freundlich.
Langmuir isotherm assumes that adsorption occurs in a monolayer or the adsorption may only occur at a fixed number of well-defined sites on the surface on which all adsorption sites are energetically equivalent [45] . This isotherm model is defined by the following equation:
Biosorption capacity -q(mg g −1 ) is the amount of metal ions adsorbed per mass of adsorbent, C (mg L −1 ) is the equilibrium concentration, q m (mg g −1 ) is the maximum adsorption capacity of the biosorbent required to form a monolayer on the surface of biosorbent, K L (L mg −1 ) is the Langmuir constants. Separation factor (R L ) is a dimensionless constant, which indicates the nature of shape of the Langmuir isotherm accordingly: R L > 1 (unfavourable adsorption); 0 < R L < 1 (favourable adsorption); R L = 0 (irreversible adsorption); R L = 1 (linear adsorption) [52] . It is expressed with the following equation: The Freundlich adsorption isotherm is an indication of the surface heterogeneity of biosorbent [45] .
where q (mg g −1 ) is the amount of metal ions adsorbed per mass of adsorbent, C (mg L −1 ) is the equilibrium concentration, n is the Freundlich constants related to adsorption capacity, and K F is the adsorption coefficient. Values for n less than 1 represent favourable adsorption conditions [52] .
The obtained Langmuir correlation coefficient and constant were:
The R L values were found between 0.057 and 0.380, indicating that the process of biosorption of Cu(II) onto AS was favourable. The obtained Freundlich model correlation coefficient and constant were: R 2 = 0.792, n = 4.9 g L −1 , K F = 1.965 mg g −1 . According to the correlation coefficient (R 2 ) as a criterion for good fitness of the system, Langmuir adsorption model expressed a better fit with our experimental data than Freundlich model, what means that the surface of this biosorbent is homogenous.
Kinetic study
Two kinetic models were applied to the experimental data to evaluate the kinetics studies: pseudo-first-order model or Lagergren model [53] and pseudo-second-order model or HoMcKay model [54] . These models are based on the assumption that the rate of sorption is proportional to the number of free sites on the surface of the sorbent [55] . The pseudo-first-order model can be presented in linear form:
where q e is the amount of metal ion adsorbed at equilibrium (mg g −1 ), q t is amount of metal absorbed at any time (mg g −1 ) and k 1 is the rate constants of pseudo-first order adsorption (min −1 ). 
where k 2 is the rate constant of pseudo-second-order adsorption (g mg −1 min −1 ). Linear form of Equation 9 can be expressed through:
The values of k 2 and q e were calculated from the slope and intercept of the plot (table III) . It was found that the results were better fitted to the pseudo-second-order model with high correlation coefficient (R 2 > 0.999). The calculated value q e and experimental value q exp were in agreement, which means that the biosorption of Cu(II) ions onto AS follows the pseudosecond-order model. It was observed in the literature that most of the biosorption process follows the pseudo-second-order model [56, 57] .
Biosorption thermodynamics
In order to evaluate the nature of biosorption process of Cu(II) onto AS, thermodynamics parameters (Gibbs free energy change -ΔG
• , enthalpy change -ΔH • , entropy change -ΔS
• ) were calculated from equation:
where ΔG • is the change in free energy (kJ mol −1 ), R is the universal gas constant (8.314 × 10 −3 kJ mol • with increasing temperature indicate that the adsorption process is more favourable at higher temperatures [58] . The positive values of ΔS
• reflect the affinity of the adsorbent towards the adsorbate species [58] . The value of ΔH
• was positive, indicating the endothermic nature of the biosorption process. In addition, the magnitude of ΔH • can be very useful in analysis of the sorption type. During physical adsorption evolved heat was of the same order of magnitude as the heats of condensation, i.e., 2.1−20.9 kJ mol −1 , while during the chemisorption the heats falled into a range of 80−200 kJ mol −1 . Adsorption of most heavy metal ions by different low cost adsorbents can be attributed to a physico-chemical adsorption process rather than a pure physical or chemical adsorption process [58] . AS waste among other similar low cost adsorbents fall into this group.
Desorption study
Desorption studies are useful to investigate the possibility of recycling the biosorbents and recovery of the metal. In order to determine the percentage of Cu(II) recovery from AS, biomass were treated with different concentration of HCl solution. It was found that desorption efficiency was 92.96, 92.23 and 92.19% for 0.1 mol L −1 , 0.5 mol L −1 and 1 mol L −1 HCl, respectively. The desorption study for AS showed that HCl solution recovered almost all the adsorbed Cu(II), which is in accordance with a recent investigation [32] .
Another series of sorption and desorption experiments were carried out in four more cycles using the same biosorbent. Recovery efficiency slowly decreased from 92.96% (I), 89.90% (II), 87.50% (III), 86.25 (IV) to 84.39% (V) as the number of cycles increased. It can be concluded that recovery of Cu(II) remained at high level in all cycles.
Comparison of different biosorbents for Cu(II) adsorption
The differences between biosorption capacities of various biosorbents (table IV) were mainly due to the type, surface structure, morphology and the type of functional groups present in the biosorbent [59] . The results from the present study are compatible with similar biosorbents by their potential for copper removal from aqueous solution.
Conclusion
This study was focused on the usage of apricot stone (AS) waste without any pre-treatment (removal of seeds was not included) in order to get low cost biosorbent. Investigations showed that the process of copper biosorption is highly dependent on the pH of the metal solution, the amount of biomass, contact time and its initial concentration. The process optimal parameters are: pH 5.0, biomass concentration of 6 g L −1 , contact time of 120 min and initial Cu(II) ion concentration 60 mg L −1 . The involvement of ion-exchange mechanism during the biosorption process was confirmed by results from EDX and by obtaining R b/r which was close to 1. FTIR analysis showed that active groups from fatty acids and lignin are available to adsorb Cu(II) ions. It also confirmed a synergetic behaviour of shells and seeds in AS blend. The kinetic studies have shown that equilibrium was reached in 10 min contact time and the biosorption data fits well to the pseudo-secondorder kinetic model. The obtained experimental data followed the Langmuir model. According to thermodynamic study, the biosorption process is feasible, spontaneous and endothermic in nature.
Overall, the preliminary study of biosorption with AS waste has shown that this material can successfully and rapidly remove dissolved Cu(II) ions from dilute solutions and should be further examined and considered as a cheaper alternative to commercial filters.
